To elucidate the mechanism of contractile dysfunction in postischemic ("stunned") myocardium, time-resolved measurements of intracellular free Ca2' concentration ([Ca2+] i) were made using gated`9F nuclear magnetic resonance in seven perfused ferret hearts loaded with the fluorinated Ca2' indicator 5F-BAPTA. Left ventricular developed pressure decreased to 65 ±3% (mean+ SEM) of control after 15 minutes of global ischemia at 370 C. In stunned myocardium, diastolic [Ca2"J. (0.24+0.03 ,M) was not changed from control (0.18±+0.03 ttM,p>0.10), but peak [Ca2+11i(1.03±0.13 gM) was paradoxically higher than that in control (0.61±0.06,uM, p<0.02). The slope of the relation between developed pressure and Ca2' transient amplitude in stunned myocardium was significantly lower than that in control (p<0.05), even after normalization by maximal Ca2'-activated pressure. These results indicate that contractile failure in stunned myocardium is due to a decrease in the myofilament sensitivity to Ca2' as well as to the previously identified decrease in maximal Ca2+-activated force; failure of activator Ca2' delivery cannot be implicated. The increase in the amplitude of Ca21 transients would require that more ATP be spent in Ca21 sequestration; thus, decreased efficiency of energy utilization in stunned myocardium would result. (Circulation Research 1990;66:1268-1276 Stunned myocardium is defined as contractile dysfunction in heart muscle reperfused after a period of ischemia brief enough to avoid necrosis.12 Although the phenomenon has important implications for clinical reperfusion therapy, the cellular mechanism of the decrease in force after ischemia is not yet clear. Stunned myocardium remains responsive to catecholamines3-5 and to an increase in the extracellular calcium concentration ([Ca] No-reflow theories, including postischemic capillary plugging by white cells,10l" postulate microscopic regions of persistent ischemia in which tissue is inexcitable and, therefore, lacks Ca2+ transients. Nevertheless, each of these specific theories is controversial, and the issue of whether or not Ca> transients are reduced has not been addressed directly. Indeed, recent work from our laboratory hints otherwise.
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Maximal Ca2'-activated pressure is decreased in postischemic ferret hearts, indicating that at least one parameter of the myofilament responsiveness to Ca2+ is decreased in stunned myocardium. 6 We also found an abnormally low sensitivity of contractile pressure to extracellular Ca (Ca0 sensitivity), which could reflect either a decrease in Ca2+ transients or a shift in myofilament Ca21 sensitivity to higher [Ca2+] i.
Direct quantitation of Ca>2 transients is required to distinguish between these two possibilities.
It has previously been impossible to determine Ca2+ transients in stunned myocardium, because the methods available to measure [Ca2+]i were not suitable for perfused hearts. Recently, a new approach has been developed that enables the determination of [Ca2+Ji at various times during the cardiac cycle in isolated perfused hearts using gated nuclear magnetic resonance (NMR) spectroscopy12 and the NMR-detectable Ca2+ indicator 5F-BAPTA, the 5,5'-difluoro derivative of 1,2-bis(2-aminophenoxy)-ethane-N,N,N',N', -tetraacetic acid.'1314 We have used this approach to determine whether Ca2+ transients are decreased in stunned myocardium induced by reperfusion after 15 minutes of global ischemia.
Materials and Methods
The experimental conditions were designed to reproduce as closely as possible those in our previous study of the pathophysiology of globally stunned myocardium,6 with various modifications for the measurement of [Ca2+] i. Briefly, hearts of male ferrets (10-14 weeks of age) were isolated and perfused at 300 C with a solution of the following composition (mM): NaCl 108, KCl 5, MgCl2 1, HEPES 5, CaCI2 2, glucose 10, and sodium acetate 20. The pH was adjusted to 7.4 , and the perfusate was bubbled continuously with 100% 02. As previously described,12'15 5F-BAPTA was loaded into cells by perfusion with its tetraacetoxymethyl ester derivative, 5F-BAPTA-AM. In this study we added 12.5 ,uM SF-BAPTA-AM (Lot 8A, Molecular Probes, Eugene, Oregon) to the perfusate for 15-17 minutes to achieve a favorable signalto-noise ratio in a 5-minute '9F NMR spectrum. The perfusate was then switched to control solution supplemented by 1 mM probenecid (Sigma Chemical, St. Louis, Missouri) to minimize the time-dependent extrusion of 5F-BAPTA from myocardial cells.12 '16 Fluorine and Phosphorus NMR Methods
The methods of measuring Ca>2 transients in whole hearts using gated 19F NMR are described in detail in the accompanying article in this journal17 and elsewhere. ' Minimally saturated 31P NMR spectra were obtained'2 at a spectral width of 6 kHz using 340 pulses delivered at 2-second intervals (145.8 MHz for 31p).
The spectra were processed as described before. 18 The amounts of inorganic phosphate (Pi), phosphocreatine (PCr), and ATP in the myocardium were obtained by planimetry of the areas under individual peaks using a digitizer. The tissue contents of Pi, PCr, and ATP were expressed as percent of the area under the ATP peak during the initial control period in each individual experiment. 19 
Expenimental Design
Experiments were performed in a total of 11 hearts. Of these, seven were dedicated to the measurement of Ca21 transients using 19F NMR; 31P NMR spectra were obtained in the remaining four hearts. Figure 1 illustrates the experimental design used to measure Ca21 transients before and after ischemia. The bottom row shows the time course of developed pressure in a typical experiment. The figure begins just after loading with 5F-BAPTA, when [Ca]0 was increased from 2 to 8 mM to antagonize the calciumbuffering effect of 5F-BAPTA. The temperature was initially set at 300 C to minimize the slow extrusion of 5F-BAPTA that can occur at higher temperatures. minutes of reperfusion at 370 C, the temperature was returned to 300 C. To define the Ca2' transient in stunned myocardium, another set of gated 19F spectra was obtained in the reperfused heart when developed pressure had recovered to a new steady state (about 20 minutes). To mimic the conditions of our previous study,6 pacing was discontinued during ischemia and for the first 20 minutes of reperfusion and then restarted at the same rate used before ischemia.
Phosphorus NMR spectra were measured in four hearts with a similar protocol, except that these spectra were not gated: cyclical oscillations of phosphorus metabolites do not occur in ferret hearts,12 so that no additional information would have been obtained by gating.
Statistical Analysis
Data are presented as mean±+SEM. Statistical analysis was performed using paired t test. 21 A value of p<0.05 was considered significant.
Results
Effect of 5F-BAPTA on Contractile
Manifestations of Stunning
In the accompanying article in this journal,17 we found that 5F-BAPTA was not protective against stunning when the perfusate contained 8 mM [Ca]: after 20 minutes of ischemia at 300 C, developed pressure decreased by 50% compared with preischemic levels. The ischemic protocol was different in the present study, so that we again checked whether the degree of functional recovery in the present group of hearts containing 5F-BAPTA was comparable with that observed in the absence of the indicator. The single experiment shown in Figure 1 already hints that functional recovery is far from complete: developed pressure measured during reperfusion was about 40% lower than before ischemia. Figure 2 shows pooled data comparing the percent recovery of developed pressure and end-diastolic pressure in 11 hearts loaded with 5F-BAPTA (the present study, panel B) and in hearts containing no Absolute DP values for panel B are given in Table 1 spectra observed during ischemia and after reperfusion in a heart loaded with 5F-BAPTA. During ischemia ( Figure 3B ), Pi increased in parallel with the disappearance of PCr and a much less dramatic decrease of ATP. Intracellular pH (pHi) also decreased from 7.16 in Figure 3A to 6.46 in Figure   3B . After reperfusion, the changes in Pi, PCr, and pHi all reversed fully, but the partial depletion of ATP persisted. This pattern was quite similar to that in myocardium not loaded with 5F-BAPTA (compare with Figure 6 in Reference 6). The pooled data for
[Pi], [PCr] , [ATP] , and pHi in Figure 4 emphasize the consistency of these changes. Taken together, the incomplete functional recovery and the characteristic metabolic picture indicate that rather ordinary stunning occurs here despite the unusual conditions required to obtain stable measurements of Ca2' transients before and after ischemia. (observed by Kusuoka et The observation that Ca2+ transients are increased certainly helps explain the reported inefficiency of energy utilization in stunned myocardium.38'39 Oxygen consumption in stunned myocardium is much higher than in control when normalized for the degree of force generation.40'41 Preliminary calculations reveal that the free energy change available from ATP hydrolysis is actually increased in stunned myocardium despite the decrease in force generation.28 These results suggest that either energy transfer to contraction or energy consumption in noncontractile work is inappropriately high in stunned myocardium. The energy demands imposed by the cycling of increased intracellular Ca2+ imply that at least the latter mechanism contributes to the decreased efficiency of energy utilization in stunned myocardium.
